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(54) Aluminum nitride sintered bodies and their use in producing semiconductors 



(57) Disclosed are aluminum nitride sintered bodies 
having blackish hues, i.e. low lightness, useful in semi- 
conductor production. Such an aluminum nitride sin- 
tered body is characterized by having a g-value of an 
unpaired electron in a spectrum of an electron spin res- 
onance being not less than 2.001 0. Alternatively the alu- 



minum nitride sintered body is characterized by its ESR 
spectrum or its laser Raman spectrum. One method of 
producing the aluminum nitride sintered body is by sin- 
tering a raw material composed of powdery aluminum 
nitride having a carbon content of 500 - 5000 ppm at a 
temperature of not less than 1730°C to not more than 
1 920*C under a pressure of not less than 80 kg/cm^. 
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Description 

Background of the Invention 

5 (1 ) Field of the Invention 

The present invention relates to aluminum nitride bodies and an apparatus for producing seminconductors using 
such aluminum nitride bodies as substrates. The invention also relates to aluminum nitride sintered bodies and its 
production process thereof as well as to an apparatus for producing seminconductors using such aluminum nitride 
10 sintered bodies bodies as substrates. 

(2) Related Art Statement 

In seminconductor-producing apparatuses such as etching apparatuses or chemical gas phase growing appara- 

15 tuses, so-called stainless heaters or indirect-heating type heaters have been generally used. However, if such heat 
sources are employed, particles may be produced by the action of a halogen-based corrosive gas and a heat efficiency 
is poor. In order to solve those problems, NGK Insulators disclosed a ceramic heater in which a wire made of a high 
melting point metal is buried inside a dense ceramic substrate (JP-A 3-261131). This wire is spirally coiled Inside the 
discoidal substrate, and terminals are connected to the opposite ends of the wire. It has been discovered that such a 

^ ceramic heater has excellent characteristics suitable particularly for use in the production of semiconductors. 

It is considered that nitride-based ceramics such as silicon nitride, aluminum nitride, and slalon are preferred as 
ceramics constituting substrates for the ceramic heaters. Further, a susceptor is sometimes placed on the ceramic 
heater, and a semiconductor wafer placed on the susceptor is heated. NGK Insulators, Ltd. disclosed that aluminum 
nitride is preferred as substrates for such ceramic heaters and susceptors (JP-A 5-101871). Particularly in the seml- 

25 conductor-producing apparatuses, halogen-based corrosive gases such as CIFq gas are often used as an etching gas 
or a cleaning gas. The reason why aluminum nitride is preferred is based on confirmation that aluminum nitride has 
extremely high corrosion resistance against such halogen-based corrosive gases. 

A aluminum nitride sintered body itself generally exhibits white or whitish gray However, It Is desired that the 
substrate to be used as the above-mentioned heater or susceptor Is black, because the black substrate has a greater 

30 radiation heat capacity and a better heating characteristic as compared with the white ones. Further, If the white or 
gray substrate is used In the above heater or the susceptor, uneven color is unfavorably likely to appear at the surface 
thereof. Therefore, some improvement has been demanded. Further, customers prefer blackish brown, or blackish 
gray substrates and the like having a high black degree and a low lightness than the whitish or gray substrates. 

In order to make an aluminum nitride sintered body black, It Is known that an appropriate elementary metal or a 

3S metal compound (a blacking agent) Is added Into a powdery raw material, and a black aluminum nitride sintered body 
is produced by firing the resulting mixture (JP-B 5-64697). Such an additive, tungsten, titanium oxide, nickel, vanadium, 
etc. are known. 

Disclosure of the Invention 

40 

However, if an elementary metal or a metallic compound is incorporated into an aluminum nitride sintered body 
as a blacking agent, the content of metallic impurities in the aluminum nitride sintered body naturally becomes larger 
due to the incorporation of the additive. Particularly, if a la group element, a I element and/or a transition metal element 
exists in the aluminum nitride sintered body in the semiconductor-producing process, such element(s) adversely afford 
45 serious problem upon the semiconductor wafer or the semiconductor-producing apparatus, even if the content thereof 
is very small (For example, this may cause a defect in the semiconductor). Therefore, it has been demanded to decrease 
the "lightness' of the aluminum nitride sintered body without incorporating the above blacking agent therein. "Lightness* 
is explained below. 

It is an object of the present Invention to decrease the "lightness" of an aluminum nitride sintered body and to 
so approach its color to black without Incorporating a metal or a metallic compound or a heavy metal or a heavy metal 
compound, for example, a sintering aid or a blacking agent thereinto. 

Further, it is another object of the present Invention to provide a semiconductor-producing apparatus having a 
radiation efficiency and a high commercial value by using a substrate with such an increased degree of black. 

The aluminum nitride sintered body according to one embodiment of a first aspect of the present invention is 
ss characterized in that a g-value of an unpaired electron in a spectrum of an electron spin resonance (ESR spectrum) 
of the aluminum nitride sintered body is not less than 2.0010. 

Further, the aluminum nitride sintered body according to another embodiment of the first aspect of the present 
invention is characterized in that a spin amount per a unit mg of aluminum in a spectrum of an electron spin resonance 
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of the aluminum nitride sintered body is not more than 5 x lO''^ spln/mg. 

According to the semiconductor-producing apparatus of the first aspect of the present invention, the aluminum 
nitride sintered body satisfying at least one of the above characteristics is used as a substrate. 

The aluminum nitride sintered body according to a second aspect of the present invention is characterized in that 
s a ratio, 1(1 33)/l(680), between a height 1(133) of a peak at 1 33 cm-^ and that 1(680) of a peak at 680 cm-^ in a meas- 
urement spectrum of a laser-Raman spectroscopy of the aluminum nitride sintered body is not less than 0.3. 

According to the semiconductor-producing apparatus of the second aspect of the present invention, the aluminum 
nitride sintered body satisfying at least one. of the above characteristic is used as a substrate. 

The aluminum nitride sintered body according to a third aspect of the present invention is characterized in that a 
10 peak of carbon is detected at an X-ray diffraction angle 28 = 44* to 45* in an X-ray diffraction chart of the aluminum 
nitride sintered body in addition to a peak of aluminum nitride as a main crystalline phase. 

According to the semiconductor-producing apparatus of the third aspect of the present invention, the aluminum 
nitride sintered body satisfying at least one of the above characteristic is used as a substrate. 

The present invention relates to a process for producing an aluminum nitride sintered body by sintering a raw 
15 material composed of powdery aluminum nitride containing 500 ppm to 5000 ppm of carbon in a temperature range 
of not less than 1730*C to not more than 1920*C under pressure of not less than 80 kg/cm^. 

Brief Description of the Drawings 

20 Figs. 1 to 9 relate to the first aspect of the present invention; 

Fig. 1 being a spectrum of an electron spin resonance (ESR spectrum) of a blackish brown aluminum nitrkJe 
sintered body according to one embodiment of the first aspect of the present invention; 

Fig. 2 being an ESR spectrum of a gray portion of the above blackish brown aluminum nitride sintered body obtained 
by thermal treatment in a nitrogen atmosphere; 
25 Fig. 3 being an ESR spectrum of a yellowish white portion of the above blackish brown aluminum nitride sintered 

body obtained by thermal treatment in a nitrogen atmosphere; 

Fig. 4 being a concept Illustration explaining a bonded state of aluminum atoms and other atoms and the g-value 
in the ESR spectrum; 

Fig. 5 being an electron microphotograph showing a ceramic tissue of the aluminum nitride sintered body according 
30 to the embodiment of the first aspect of the present invention; 

Fig. 6 being an electron microphotograph showing a ceramic tissue near a grain boundary of an AIN crystalline 
phase of the aluminum nitride sintered body according to one embodiment of the first aspect of the present inven- 
tion; 

Fig. 7 being an electron microphotograph of a ceramic tissue in the state that a grain of a (AIN)x(Al20C)-,.j( phase 
35 is produced In a matrix composed of particles of the AIN crystalline phase; 

Fig. 8 being a schematically sectional view for illustrating a hot press suitable for the production of the aluminum 
nitride sintered body according to the present invention; and 

Fig. 9 being a graph illustrating the relationship between X/T and the calculated partial pressure of each of various 
gas phases near the surface of a grain of the aluminum nitride sintered body in the hot press; 
40 Figs. 10 to 19 relate to the second aspect of the present invention; 

Fig. 10(a) being a diffusion-reflection spectrum in a visual light-infrared tight zone of an aluminum nitride sintered 
sanriple having a low lightness; 

Fig. 10(b) being a diffusion-reflection spectrum in a visual light-infrared light zone of a yellowish white portion of 
an aluminum nitride sintered sample having a low lightness obtained by thermal treatment at 1900*C; 
45 Fig. 1 1 (a) being a spectrum of a photoluminesence of an aluminum nitride sintered sample having a low lightness; 

Fig. 11(b) being spectrum in Fig. 11 (a) with a visual light zone being enlarged; 

Fig. 12 being a spectrum of the photoluminesence of a yellowish portion of an aluminum nitride sintered body 
having a low lightness obtained by thermal treatment; 
Fig. 1 3 being a Raman spectrum of a yellowish white sample; 
so Fig. 14 being a Raman spectrum of a black sample; 

Fig. 15 being a Raman spectrum of another black sample; 
Fig. 16 being a Raman spectrum of a further black sample; 
Fig. 17 being a Raman spectrum of a white sample; 

Fig. 1 8 being an electron microphotograph showing a ceramic tissue of an aluminum nitride sintered sample having 
55 a low lightness within the scope of the second aspect of the present inventk>n; 

Fig. 19 being an electron microphotograph showing a ceramic tissue near an aluminum nitride grain of a ceramic 
tissue of an aluminum nitride sintered sample having a low lightness within the scope of the second aspect of the 
present Invention; and 
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Figs. 20 to 26 relate to the third aspect of the present invention; 

Fig. 20 being a spectrum chart of a X-ray diffraction analysis of an aluminum nitride sintered body of one embod- 
iment of the third aspect of the present invention; 

Fig. 21 being a spectrum chart of a X-ray diffraction analysis of an aluminum nitride sintered body as a comparative 
5 example; 

Fig. 22 being an electron microphotograph showing a ceramic tissue of an aluminum nitride sintered body according 
to another embodiment of the third aspect of the present inventbn; 

Fig. 23 being an electron microphotograph showing a ceramic tissue near a grain boundary of a grain of an AIN 
crystalline phase of the aluminum nitride sintered body according to another embodiment of the third aspect of the 
10 present invention; 

Fig. 24 being an electron microphotograph showing a ceramic tissue near a grain boundary of a grain of an AIN 
crystalline phase of the aluminum nitride sintered body as the comparative example; 

Fig. 25 being an electron microphotograph showing a ceramic tissue in the state a grain of a (AINyAL^OC)! 
phase is produced in a matrix composed of particles of an AIN crystalline phase; and 
^5 Fig. 26 being an electron microphotograph showing the ceramic tissue of Fig. 25 in which the matrix and the grain 

of the (AIN)x(AL20C)i.x phase are enlarged. 

Best mode for carrying out the invention 

20 According to the present invention, the "lightness" means the following. 

The color of the surface of an object is expressed by three attributes in perception of a color, i.e., the hue. the 
lightness, and the chroma. Among them, the lightness is a scale for indicating an attribute in visual sight so as to judge 
whether a reflecting percentage at the surface of the object is large or small. The ways of indicating the scales of these 
three attributes are specified in JtS Z 8721. The lightness V is detemnined based on the achromatic color a standard 

2S that the lightness of ideal black is 0, and that of ideal white is 10. A color area between the ideal black and the ideal 
white is divided into 10 zones indicated by symbols of N 0 to N 10 which vary stepwise by an equal degree of the 
lightness in color perception. The lightness of an actual aluminum nitride sintered body is determined by comparing 
the color of the surface of the sintered body with color chips corresponding to N 0 to N 10, respectively. At that time, 
the lightness is principally determined up to the first decimal place, and O or 5 is taken as a figure at the first decimal 

30 place. 

The relative density of the aluminum nitride sintered body is a value defined by a equation of (relative density = 
bulky density/theoretical density), and the unit of the relative density is %. 

As a semiconductor-producing apparatus using the aluminum nitride sintered body according to the present in- 
vention as a substrate, a ceramic heater in which a resistive heater is buried in a substrate made of the aluminum 
35 nitride sintered body, a ceramic electrostatic chuck in which an electrostatically chucking electrode is buried in a sub- 
strate, a heater with an electrostatic chuck in which a resistive heater and an electrostatically chucking electrode are 
buried in a substrate, and an active type apparatus, for example, a high frequency wave generating electrode apparatus 
in which a plasma-generating electrode is buried in a substrate may be recited. 

Further, various semiconductor-producing apparatuses such as a susceptor for placing a semiconductor wafer 
40 thereon, a dummy wafer, a shadow ring, a tube for generating a high frequency plasma, a dome for generating a high 
frequency plasma, a high frequency wave-permeable window, an infrared radiation-permeable window, a lift pin for 
supporting a semiconductor wafer, and a shower plate may be recited. 

The thermal conductivity of the aluminum nitride sintered body is preferably not less than 90 W/m K when in use 
for the substrate in the heating member such as the ceramic heater, the heater with the electrostatic chuck, or the 
45 semiconductor wafer-holding susceptor. 

Next, the first aspect of the present invention will be explained. 

During the course of investigating the aluminum nitride sintered bodies, the present inventors have succeeded in 
producing blackish gray to blackish brown aluminum nitride sintered bodies having an extremely low lightness which 
contained almost no metallic element such as a blacking agent other than aluminum and exhibited the lightness spec- 
ie jfied in JIS Z 8721 being not more than 4. 

Since those aluminum nitride sintered bodies exhibit black colors having the lightness specified in JIS Z 8721 being 
not more than 4, its radiation heat amount is large and its heating characteristic is excellent. Therefore, the above 
aluminum nitride sintered bodies are suitable as substrates constituting the heating members such as the ceramic 
heater, the susceptor. etc. In addition, since the content of the metal elements excluding aluminum can be largely 
^ reduced, contaminatbn of the semiconductors needs not be feared. In particularly, it is not feared that an adverse 
effect is afforded upon the semiconductor wafer or the semiconductor-producing apparatus in the semiconductor-pro- 
ducing process. In addition, no uneven color clearly appears at the surface of the aluminum nitride sintered body 
according to the present invention, so that the appearance of the aluminum nitride sintered body is extremely excellent. 
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In addition, since the degree of black of the sintered body is high, Its commercial value is largely enhanced. 

With respect to aluminum nitride sintered bodies obtained as mentioned above, the present inventors have inves- 
tigated the reason why the sintered bodies were colored deeply black with low lightness. As a result, the inventors 
have discovered that the aluminum nitride sintered bodies satisfying the specific requirement mentioned later have 
s decreased lightness and progressed black. The inventors accomplished the present invention based on the above 
knowledge. 

First, the X-ray diffraction analysis of the aluminum nitrkie sintered bodies exhibiting a blackish brown color to a 
blackish gray color with the lightness of not more than 4 revealed that their main crystalline phase was AIN and AlON 
was produced as an auxiliary crystalline phase. In such an aluminum nitride sintered sample, AlON grains having the 

10 grain diameters of around 0.1 |im were typically produced in AIN crystal grains having the grain diameters of 1 to 3 
jj.m. For example, under condition mentioned later, aluminum nitride sintered samples produced by sintering powdery 
aluminum nitride having a purity of not less than 99.9 wt% at 1750*0 to 1900°C exhibited blackish brown or blackish 
gray with lightness N 3 to N 4. On the other hand, aluminum nitride sintered samples produced by sintering powdery 
aluminum nitride having a purity of not less than 99.9 wt% at 1950*C exhibited yellowish. 

IS The analysis of the crystalline tissue of the sample obtained by sintering at 1 950°C revealed that a so-called 27R 

phase (Al203-7(AIN) phase) was produced besides the AIN main crystalline phase. The grain size of the AIN crystalline 
phase was around 2 |j.m to 4 |im. and the above 27R phase was precipitated at the grain boundary thereof. According 
to a known AI2O3-AIN phase diagram, the crystalline phase produced in the sintering changes at a boundary of 1 920''C. 
Therefore, the above difference in the crystalline phase is considered to be based on that in the sintering temperature. 

20 When the above sample having a low lightness was heated at 1 g00'*C in a nitrogen atmosphere, its original blackish 

blown color portk>ns or blackish gray color portions disappeared, and gray color portions and yellowish white portions 
were produced. In the gray portion, a spherk^al AlON crystalline phase and an AI2OC-AIN phase were produced. In 
the yellowish white portion, almost no 27R phase was seen, and mainly the AlON phase existed. Further, no difference 
was observed in the lattice constant of AIN for every hue of the aluminum nitride sintered bodies. That is. no particular 

2S correlation was seen between the kinds of the crystalline phases besides the AIN crystalline phase and the hue or the 
lightness. Therefore, it is considered that the change in the hue of the aluminum nitride sintered body Is based not on 
the kind of the crystalline phase but on a defect structure inside the AIN crystalline phase or the defect structure of the 
grain boundary. 

In order to know the construction ot the defect structure of the AIN crystalline phase or the grain boundary mentioned 

30 above, a spectrum was obtained in the electron spin resonance: ESR) with respect to each sample. This principle will 
be briefly explained. The energy level of an unpaired electron is split under a magnetic field by the Zeeman effect. The 
interaction between the electron orbit motion and the nearby atom nuclear magnetization efficiency sensitively reacts 
to the above energy levels. According to the ESR, Information on atoms, chemical bonds, etc. nearby an atom with an 
unpaired electron can be known by measuring the energy levels cleaved split. 

35 With respect to the above black sintered body having not more than the lightness N 4 and the gray portion and 

the yellowish portion of the sintered body obtained by the thermal treatment, ESR spectra were measured. In the 
aluminum nitride siritered body, the spin annount of the unpaired electron of aluminum varies depending upon a crys- 
talline field in which the unpaired electron exists. The spin amount is theoretically 2.0000 for a free electron, and takes 
a value g = 2.002316 when corrected by the theory of relativity The Al atom and the N atom in the AIN crystalline 

40 phase take a 4-coordinated wurtzite structure in which a sp^ hybrid orbit is formed by an aluminum atom and three 
nitrogen atoms. It can be known from the spin amount of each sample that which crystalline coordinatbn the unpaired 
electron In the lattice defect exists in or what element exists around the unpaired electron. 

Fig. 1 is an ESR spectrum of the above-mentioned blackish brown aluminum nitride sintered body. Fig. 2 is an 
ESR spectrum of the gray portion, and Fig. 3 is an ESR spectrum of the yellowish white portion. From those data, the 

45 g-value of the spin amount of the blackish brown aluminum nitride sintered body was 2.0053+ 0.0001 , its peak intensity 
was high and the peak was sharp. The spin amount per unit mg of its aluminum was 7.9 x lO^^spin/mg. In the gray 
portion, the g-value of the spin amount was 2.0018 ± 0.0001 . and its peak intensity was low. The spin amount per unit 
mg of its aluminum was 2.1 x lO^^ spin/mg. In the yellowish white portion, the g-value of the spin amount was 1 .9978 
± 0.0001 , its peak intensity was high, and the peak profile was broad. The spin amount per unit mg of its aluminum 

50 was 1.5 X 10^3 spin/mg. 

If the kind of atom bonded to the Al atom having the unpaired electron changes, the spin amount (g-value) of the 
unpaired electron largely varies. This large change of the g-value should be attributable to the change in the kind of 
the atom bonded to the aluminum. Regarding the four-coordinated structure Si atom, it is reported that the spin amount 
similarly changes (See "ESR evaluation of materials" published by IPC, p 57). It is considered that the conspicuous 

55 change in the g-value measured above was attributable to the change in the kind of the atoms four-coordinated to the 
aluminum atom, that is. aluminum atoms are bonded to the aluminum atom. 

That is, as shown in Fig. 4, when three nitrogen atoms are coordinated to the aluminum and if one or more nitrogen 
atoms coordinated to the aluminum are replaced by aluminum atom or atoms, the above g-value becomes greater, 
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and a half-value width becomes smaller (The width of the peak becomes smaller, and the peak becomes sharp). 

It can be understood that if the number of nitrogen atom or atoms coordinated to the aluminum changes, the g- 
value changes. Since carbon atoms and oxygen atoms exist in the Al crystalline phase, it can be considered that the 
above nitrogen atom or atoms are replaced by carbon atom or atoms or oxygen atom or atoms. When the carbon atom 
s or atoms or the oxygen atom or atoms enter the location or locations of the nitrogen atom or atoms, the g-vatue becomes 
smaller. Therefore, the percentage at which the nitrogen atom or atoms are replaced by carbon or oxygen atom or 
atoms must be extremely low. 

In the yellowish white portion, as mentioned above, the g-value is less than 2.0000, the peak is broad, and the 
half-value width is large. In such a sample, it is considered that oxygen solid-solved into the AIN crystal, that is, the 
10 site in the AIN crystal is substituted by O^- and Al^ is missing, that a color center is formed by an unpaired electron 

trapped in this lattice defect and a yellowish white color is exhibited by remarkably absorbing a light on a short wave- 
length side of the visible light, and that the N3+ is replaced by two oxygen ion sand a color center is formed by O^-. 

To the contrary, the g-value of the peak in the blackish brown sintered body is large, and the peak is sharp. In the 
blackish gray sintered body, almost the same result as this is obtained. A slight difference in hue in a level not more 
IS than a lightness N 4 is not essential. As mentioned above, although the AI-AI bond is formed in the aluminum nitride 
sintered body having low lightness, it is considered that this bond has such a metallks bond as to absorb a visible light 
having continuous wavelengths over a wide zone, so that the lightness of the aluminum nitride sintered body is lowered. 

It was made clear that the electric resistances of the blackish brown sample and the blackish gray sample are 
greater than that of the yellowish white portion by about an order of two figures. When the absorbing peaks themselves 
20 are compared in the ESR spectra of the samples, the yellowish white sample has the greatest absorption intensity and 
a wide half -value width. This is considered in that the largest number of conductive electrons are trapped or captured 
by the above lattice defect as the color center, and the thus trapped conductive electrons contribute to reduction in the 
electric resistance. 

With respect to each of the other samples, an ESR spectrum was measured in the above manner. As a result, it 
2S was confirmed that in order to obtain a blackish brown or blackish gray sample (sample having lightness N4 or less), 
its g-value needs to be not less than 2.0040. In order to stably obtain a sample having such a low lightness, it is 
preferable to set the g-value at not less than 2.0050. 

With respect to the gray portion of the blackish brown sample produced by the thermal treatment among the above 
samples, an ESR spectrum shown in Fig. 2 was obtained, and its g-value was 2.0018 ± 0.0001. This has the g-value 
30 slightly smaller than those of the blackish brown sample, etc. but far greater than those of the ordinary white to milky 
white aluminum nitride sintered bodies and the above yellowish white aluminum nitride sintered body It was micro- 
scopically confirmed that the lightness was relatively reduced in lightness. 

However, it was made clear that (AIN)j,(Al20C)i.x was slightly produced in the sample at that time. It was clarified 
that a fine gap or vokJ (fine space) was formed between the AIN crystalline phase, the light was scattered by this void, 
35 and the lightness was raised by the scattered light. Therefore, although the effect of the present invention can be 
confirmed in such a matrix, it is more preferable to prevent the production of the above (AIN)x(Al20C)^.5j phase, because 
the lightness of the aluminum nitride sintered body can be reduced to not more than 4, or further to not more than 3.5 
by so doing. 

Fig. 5 shows the microstructure of the blackish brown aluminum nitride mentioned above. As shown in Fig. 5, fine 

40 AlON crystals are present in the AIN crystal grains, and the grain boundary at which the crystals contact has no crys- 
talline grain and is dense with no gap. Fig. 6 is an electron microphotoraph of the blackish brown aluminum nitride 
sintered sample in which a grain boundary portion of a crystal composed of AIN is enlarged. No different phase Is seen 
in the grain boundary of the AIN crystal. 

Further, the black, dense aluminum nitride sintered body according to the present invention was obtained by de- 

45 creasing the spin amount per unit mg of aluminum to not more than 5 x 1 0^2 spin/mg in a spectrum of the electron spin 
resonance of the sintered body. From this point of view, it is preferable to decrease the spin amount per unit mg of 
aluminum to not more than 1 x lO''^ spin/mg, which substantially corresponded to a g-value of 2.0040. Practically 
speaking, it is preferable to decrease the spin amount per unit mg of aluminum to not less than 1.0 x 1011 spin/mg, 
and further it is more preferable to decrease the spin amount per un it mg of aluminum to not less than 1 .0 x 1 0^° spin/mg. 

so The spin amount per unit mg of aluminum was measured by a process described in Hiroaki Ohya and Jun Yamauchi 

"Electron Spin Resonance" published by Kodansha Co., Ltd. That is, the absorption intensity in the ESR spectrum is 
proportional to the percentage of unpaired electrons in the crystalline grain of the aluminum nitride. The g-value needs 
to be quantitatively measured with reference to that of a known g-value of a standard sample. That is, it is necessary 
that the sample having the known g-value and the aluminum nitride sintered sample according to the present invention 

ss are measured underthe same condition, absorption curves obtained are converted to integral curves, and areas defined 
by the integral curves are compared with each other. 

The present inventors quantitatively measured a single super fine line of Mn^+ZMgO by using a solution of TEMPOL 
(4-hydroxy-2, 2. 6, 6-tetramethylpyperidine-1-oxyl) having a known spin amount, compared the spin amounts, and 
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calculated a spin amount of the aluminum nitride sintered body from an area ratio at peaks. 

A preferred process for the production of the above aluminum nitride sintered body according to the present in- 
vention having smalt lightness will be explained. First, It is preferable to use a powder obtained by a reducingAiltridIng 
process as a raw material composed of powdery aluminum nitride. Addition of a metal element other than aluminum 
s to the raw nnaterial composed of powdery aluminum nitride should be avoided, and such a metal element should be 
preferably suppressed to not more than 100 ppm. The "metal element other than aluminum" includes metallic elements 
belonging Groups ta-Vlla. VIII, lb and Mb and a part of elements belonging to Groups lllb and IVb In the Periodic Table 
(Si, Ga, Ge, etc.). 

Preferably, as mentioned above, aluminum nitride powder having a high purity is prepared by the reducing/ nitriding 
10 process, and molded into a molded body by a uniaxial press molding process or a cold isostatic press process, and 
the resulting molding is fired in the state that the molding is wrapped by or sealed in a covering film made of carbon 
to prevent it from contacting surrounding air. Hot press or hot isostatic press may be employed for this firing process 
itself. 

The molding may be wrapped with the molding in the covering film made of carbon as shown in Fig. 8. That is, 

^5 when the molding 6 is to be placed between an upper punch 1 A and a lower punch 1 B, foils 5A and 5B made of graphite 
are arranged at upper and lower faces of the molding 6, respectively. Then, the molding 6 with a pair of the foils 5A 
and 58 is placed between spacers 4A and 48. Graphite foils 7 are placed to cover opposite side faces of the molding 
6 so that the nruDlding 6 may be sealed with the graphite foils 5A, 58 and 7. The molding 6 and the foils 7 are placed 
in a die 9 made of carbon via sleeves 8 made of carbon. By driving a press molding machine, the molding Is pressed 

20 in vertical directions In Fig. 8 by means of the upper punch 1 A and the lower punch 1 B under heating. 

As mentioned above, when the molding Is sealed in the covering film made of a material having a high content of 
carbon compound or carbon atoms, and treated under heating in the pressurized state, and the atmosphere is controlled 
as mentioned above, an aluminum nitride sintered body having the above-mentioned aluminum-aluminum bonds and 
a continuous light adsorbing characteristic over the visible light zone can be produced. 

2S The firing temperature may be set at 1750*C to 1 QOC'C. The pressure at the time of firing may be at not less than 

100 kg/cm2, preferably at not less than 150 kg/cm^, more preferably at not less than 200 kg/cm^. Judging from the 
capacity of an actual apparatus, the pressure is preferably not more than 0.5 ton/cm^. 

The present inventors have repeated investigations on the above process in more detail, and reached the following 
conclusion. As the process for the production of aluminum nitride powder, the reducing/nitriding process and a directly 

30 nitriding process are known. Chemical reactions used in these processes are given below. 

Reducing/nitriding process: AI2O3 + 3C + N2 ^ 2AIN + SCO 

Direct nitriding process: i) AI(C2H5) + NH3 -> AIN + 3C2H6 (Gas phase process) 

ii) 2AI + N2 2AIN 

35 

In the reducing/nitriding process, the aluminum nitride crystal is produced by reducing and nitriding aY-Al203 phase 
with carbon. It is considered that the carbon used as a reducing catalyst remains on the surface of the aluminum nitride 
crystal, and oxygen not removed by reducing or nitriding remains inside the aluminum nitride sintered body. Aluminum 
nitride is thermodynamically unstable In air, and the content of oxygen particularly in a fine sintering powder having a 

40 surface activity increases because it easily reacts with moisture and oxygen in air even at room temperature. Therefore, 
the aluminum nitride crystal having activity for moisture and oxygenis stabilized by covering the oxidizable surface 
layer with an oxide or a hydroxide. This oxidizing treatment is utilized to remove carbon atoms remaining at the surfaces 
of the reduced grains to enhance the purity. 

Therefore, what are important from the standpoint of the quality of the aluminum nitride crystal are the oxidized 

45 film present at the surface of the grain and the content of oxygen solid-solved in the aluminum nitride during the reducing/ 
nitriding step. 

When the molding is heated under pressure according to the reducing/nitriding process as mentioned above in 
the state that the grains are sealed in the carbon film to prevent contact between the oxidizing atmosphere such as 
surrounding air, the atmosphere inside the covering film is important. An alumina film is present at the surface of the 
50 aluminum nitride grain. For example, assume that the atmosphere inside the covering film made of a graphite foil is a 
reducing atmosphere (nitrogen gas atmosphere) and sintering is effected at a temperature of 1850°C to 1 950°C under 
pressure of 250 kg/cm^. The partial pressure of oxygen is an order of ppm. CO gas is produced during the firing near 
the surface of the aluminum nitride grain through a reaction between AI2O3 and C (carbon) remaining at said surface. 
The gas phase in this reaction includes Al. AlO. Al20, AI2O3, AlC, AIC2. AI2C2, AIN. NO, and CO. 

55 

3AI2O3 (solid) + AIN (solid) + 2C (solid) + 7NO(gas) 
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2CO (gas) + 7AIN(gas) 

A graph shown in Fig. 9 is obtained by calculating an equilibrium partial pressure of each gas phase in the state 
s that the partial pressure of CO in the sintered body is kept constant. As seen from this graph, the partial pressure 
becomes lower in the order of AIN, Al, and AlgO. Carbon advances the reducing reaction of AI2O3 to produce AIN. 
Further, as seen from the partial pressures of Al and AI2O, it is presumed that the AI-AI bonds and the AION(AIN + 
AI2O) phase containing oxygen are produced in the crystalline lattice. It was made clear through observation of the 
TEM that the AI^OC layer existed at the crystalline grain boundary. Therefore. It is considered that the AlgOC layer is 
10 a product (C + AI2O) produced by bonding between carbon remaining on the surface of the aluminum nitride grain and 
AI2O in the gas phase. 

At not more than 1950°C, the partial pressure of Al is greater than that of AI2O, whereas at more than 1950°C, 
the partial pressure of Al becomes reversely smaller than that of AI2O. That is. it is considered that the higher the firing 
temperature, the more is advanced the formation of the AlgO phase, whereas at not more than 1950'C, the AI-AI bonds 
IS are produced. 

In the hue of the AIN crystal, the defect structure inside the crystal is important. As mentioned before, this defect 
structure is mainly influenced by the content of oxygen in the raw material powder, the sintering atmosphere, and the 
kinds of the gas phase produced in the sintering step. In particular, as mentioned before, it is considered that oxygen 
and carbon atoms remaining on the surface of the aluminum nitride grain has a targe influence and carbon fed into the 
20 atmosphere from the graphite foil play a large role. As mentioned before, it is considered that the oxide is reduced with 
carbon to produce the AIN phase, the Al phase and ALOg phase so that the AlON phase and the At-AI bonds may be 
formed. 

In order to stably produce the aluminum nitride sintered botfy having low lightness, it is preferable to employ the 
pressure of not less than 1 50 kg/cm^, and more preferable to employ the pressure of not less than 200 kg/cm2 in the 
2S above-mentioned producing process. 

The relative density of the aluminum nitride sintered body is a value (unit: %) defined by the formula: (Relative 
density = bulk density/theoretical density). 

The aluminum nitride sintered body according to the present invention has a large heat radiation amount and 
excellent heating characteristic. Further, since the sintered body has almost no conspicuous variation in color at the 
30 surface and is blackish brown or blackish gray, its commercial value is high. Accordingly, the aluminum nitride sintered 
body can be used suitably particularly for various heating apparatuses. Furthermore, since the aluminum nitride sintered 
body according to the present Invention does not use a sintering aid or a blacking agent as a feed source of a metal 
element besides aluminum and the content of the metal atoms beside aluminum can be suppressed to not more than 
1 00 ppm, it causes no contamination. Therefore, the sintered body is most suitable as a material for high purity process- 
es ing. In particular, the sintered body will not afford any serious adverse effect upon the semiconductor wafer or its 
apparatus itself In the semiconductor-producing process. 

In the following, more concrete experimental results will be explained. 

Experiment 1 (Experiment A) 

40 

Aluminum nitride sintered bodies were actually produced as follows. As a raw material of aluminum nitride, high 
purity powder produced by the reducing/ nitriding process or the directly nitriding process was used. In each powder, 
the content of each of Si, Fe, Ca, Mg, K, Na. Cr, Mn, Ni, Cu, Zn, W, B and Y was not more than 100 ppm, and no other 
metal was detected besides those metals and aluminum. 

45 A preliminarily molded body having a discoidal shape was produced by uniaxially press molding each raw material 

powder. As shown in Fig. 8, the molding 6 was placed in a mold in the state that the molding 6 was sealed inside the 
carbon foils. Then, the molding was fired at 1 900°C by hot press for 2 hours, while pressure of 200 kg/cm^ was applied 
thereto. Thereby, an aluminum nitride sintered sample in Test Run No. A-l was produced. 

This sample Al was heated at 1900°C for 2 hours in an nitrogen atmosphere, thereby producing a sample A2. In 

so this sample A2, an outer peripheral portion was yellowish white, and a gray portion was produced inside the yellowish 
white portion. With respect to each of Sample Al and the yellowish white portion and the gray portion of Sample A2, 
an ESR spectrum was measured. Figs. 1, 2 and 3 are the ESR spectra of Sample Al and the gray portion and the 
yellowish while portion of Sample A2, respectively. The spin amount, g-value, of Sample Al was 2.0053 + 0.0001, its 
peak intensity was high, and the peak was sharp. The spin amount per unit mg of aluminum was 7.9 x 10^^ spin/mg. 

ss The spin amount, g-value. of the gray portion was 2.001 8 ± 0.0001 , and its peak intensity was small. The spin amount 
per unit mg of aluminum was 2.1 x lO'*^ spin/mg. The spin amount, g-value, of the yellowish white portion was 1.9978 
± 0.0001 , its peak intensity was small, and the profile of the peak was broad. The spin amount per unit mg of aluminum 
was 1.5 X 10^3 spin/mg. 
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2S 



Further, the lightness of Sample Al was N 3.5, that of the yellowish white portion of Sample A2 was N 8, and that 
of the gray portion of Sample A2 was N 5. Furthermore, with respect to each sample, a main crystalline phase and 
other crystalline phase were measured by the X-ray diffraction analysis, thereby obtaining the afore-mentioned result. 

Among them. Fig. 5 shows an electron microphotograph of a ceramic tissue of Sample Al. and Fig. 6 shows an 
electron microphotograph of a ceramic tissue near the grain boundary of the aluminum nitride grain. Further, Fig. 7 
shows an electron microphotograph of a ceramic tissue of the gray portion. In this tissue, an X-ray diffraction analysis 
result and an analysis result of an absorption spectrum of the visible light in a matrix portion were the same as those 
of Sample Al. However, the (AIN)x(Al20C)i.x phase seen black exists in this matrix, a slight gap exists between the 
crystalline grain and the AIN crystalline phase, and the light is diffracted in this gap to make it white. The tissue of the 
matrix of this sintered body is fundamentally the aluminum nitride sintered body according to the present invention 
which became relatively more black. However, the lightness of the sintered body rises up to N 5 due to the above 
diffracted lights. 

In the same manner as in Experiment B, aluminum nitride sintered bodies in Test Run Nos. B1 to B9 In Tables 1 
and 2 were actually produced. As a aluminum nitride raw material, high purity powders produced by the reducing/ 
nitriding process or the directly nitriding process were used. In each powder, the content of each of Si, Fe, Ca, Mg, K, 
Na, Cr, Mn, Ni, Cu, Zn, W, B and Y was not more than 100 ppm, and any other metal was detected besides aluminum 
and those metals. 

In each test run, the firing temperature and pressure in the firing step were varied as shown in Tables 1 and 2. The 
holding time period In the firing step was set at 2 hours. With respect to the aluminum nitride sintered body in each 
test run. a main crystalline phase and other crystalline phase of the sintered body were measured by the X-ray diffraction 
analysis. Further, the relative density, the hue, and the lightness of the sintered body was measured. The relative 
density of the sintered body was calculated from the bulk densityAheoretlcal density, the bulk density being measured 
by the Archimedean method. The theoretical density of the sintered body is 3.26 g/cc because no sintering aid having 
a large density was contained. The hue of the sintered body was visually measured, and the lightness of the sintered 
body was measured by the afore-mentioned method. 



Table 1 



.^.....Tes t Run Ho. 


Bl 


B2 


B3 


B4 


B5 


A IN powder 


Hitriding 

under 
reduction 


Hitriding 

under 
reduction 


Hitriding 

under 
reduction 


Nitriding 

under 
reduction 


Hitriding 

under 
reduction 


Firing 

temperature (*C) 


1800 


1800 


1700 


1750 


1850 


Pressure (kg/cm2) 


200 


150 


200 


150 


100 


Main crystalline 
phase 


AlH 


AlH 


AlH 


AlH 


AlH 


Other crystal(s) 


AlOH 


AlOH 


AlOH 


AlOH 


AlOH 


Relative density 
(%) 


99.4 


99.4 


97.8 


99.0 


99.0 


g-value 


2.0052 


2.0052 


1.9971 


2.0051 


2.0018 


Hue of sintered 
body 


blackish 
gray 


blackish 
gray 


white 


blackish 
gray 


gray 


Lightness of 
sintered body 


H3.5 


H3.5 


H8.0 


H4.0 


H5.0 



so 
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Table 2 
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*,^Tes t Run No. 


B6 


B7 


B8 


B9 


AIM powder 


Nitriding 

under 
reduction 


Nitriding 

under 
reduction 


Nitriding 

under 
reduction 


Direct 
nitriding 


Firing 

temperature (**C) 


1800 


1900 


1950 


1900 


Pressure (kg/cm^) 


250 


200 


200 


300 


Main crystalline 
phase 


AIN 


AIN 


AIN 


AIN 


Other crystal(s) 


AlON 


AlON 


AlON 


AlON 


Relative density 
(%} 


100 


99.7 


99.4 


99.0 


g-value 


2.0059 


2.0053 


1.9978 


2.0012 


Hue of sintered 
body 


blackish 
brown 


blackish 
gray 


yellowish 
white 


gray 


Lightness of 
sintered body 


N2.0 


N3.5 


N8.0 


N5.0 



As is seen from the above results according to the present invention, the g-value In the ESR spectrum has the 
conspicuous correlationship between the hue and the lightness of the sintered body. Test Run Nos. B1 , B2, B4, B5, 
86, 87 and 89 fall within the scope of the present invention, whereas Test Run Nos. B3 and B8 fall outside the scope 
of the invention. 

Wafer-heating test 



35 



40 



45 



A plate having a diameter of 210 mm and a thickness of 10 mm was prepared from the aluminum nitride sintered 
body of Sample Al according to the present invention, and was placed in a vacuum chamber equipped with a heating 
mechanism having an infrared lamp unit. A silicon wafer having a diameter of 8 inches was placed on this plate, and 
thermocouples were fitted to the plate and the silicon wafer to simultaneously measure each of the temperatures 
thereof. As the infrared lamp unit, twenty of 500 W Infrared lamps having an infrared peak around a wavelength of 1 
\im and fitted to an reflecting plate made of aluminum were used, and these infrared lamps and the reflecting plate 
were arranged outside the vacuum chamber. 

The infrared beam radiated from each infrared lamp was, directly or indirectly after being reflected from the re- 
flecting plate, led to the aluminum nitride sintered plate through a circular quartz window (diameter: 250 mm. thickness: 
5 mm) provided at the vacuum chamber to heat the plate. 

In this heating apparatus, each infrared lamp was light to elevate the temperature of the plate from room temper- 
ature to 700°C In one minute, and the plate was kept at 700'C for one hour. Thereafter, the infrared lamps were put 
out, and the plate was gradually cooled. Consequently, the consumption power of the Infrared lamps was 8700 W at 
the maximum, and the temperature could be stably controlled. Further, measurement of the temperature of the silicon 
wafer revealed that when the temperature of the plate was kept at 700^0. the temperature of the silicon wafer was 
609»C. 



50 (Heating experiment in comparative example^ 



Next, an aluminum nitride powder obtained by the reduclng/nitrlding process and containing 200 ppm of carbon 
was used, and a discoidal molding was produced by pressing this powder under pressure of 3 tons/cm^ by the cold 
isostatic press. This molding was fired at 1950^*0 for 2 hours to produce a white aluminum nitride sintered body having 
a density of 99.4%. By using this sintered body, a silicon wafer-heattng experiment was effected in the same manner 
as mentioned above. 

As a result, the consumption power was 10 kw at the maximum, and the time period required to realizing the 
temperature elevation was longer by around 2 minutes. Further, the infrared lamps were more likely wire-cut upon 
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reception of a heat cycle of temperature rising-temperature descending between room temperature and 700" C. 

Furthermore, measurement of the temperature of the silicon wafer revealed that when the plate was held at 700°C, 
the temperature of the silicon wafer was 593° C. Thus, it was clarified that as compared with the invention example, 
the temperature of the silicon wafer was lower. 

5 

(Electrode and resistive heat generator burying experiment) 

As in the same with Sample Al of the present invention, the above-mentioned aluminum nitride powder was used, 
and a coil (resistive heat generating wire) made of a 0.5 mm-diameter molybdenum wire was buried in the powder, 
10 while a circular electrode. 5 mm in diameter and 10 mm in thickness, made of molybdenum was connected to the coll 
and also burled. The resulting powder body In which the coil and the electrode were buried was uniaxially press molded 
to obtain a discoidal molding. At that time, the coil burled in the molding took a swirling planar shape. 

As shown in Fig. 8, the discoidal molding was set inside the mold in the above-mentioned manner, and held at 
1800°C under pressure of 200 kg/cm^ for 2 hours according to the hot press. Thereby, an aluminum nitride sintered 
IS body was obtained, in which the above resistive heat generator and the molybdenum electrode were buried. This 
molybdenum electrode can be used as an electrostatic chucking electrode or a high frequency electrode. 

In the following, the second aspect of the present invention will be explained. 

During the course of Investigating aluminum nitride sintered bodies, the present inventors have succeeded in 
producing a blackish gray to blackish brown aluminum nitride sintered body containing almost no metallic element such 

20 as a sintering aid or a blacking agent other than aluminum and having a extremely low lightness with a black of not 
more than lightness N4 specified in JIS Z 8721 . 

Since this aluminum nitride sintered body exhibits the black having not more than the lightness N 4 specified in 
JIS Z 8721, the sintered body has a large radiation heat amount and an excellent heating characteristic. Therefore, 
such a sintered body is suitable as a substrate constituting a heating material for a ceramic heater, susceptor, etc. In 

2S addition, since the content of the metal element(s) other than aluminum can be made extremely small, it is not feared 
that a semiconductor wafer is contaminated with such a metallic element. In particular, it is not feared that the sintered 
body will afford an adverse effect upon the semiconductor wafer or an apparatus therefor. 

Furthermore, a variation in color at the surface of the aluminum nitride sintered body according to the present invention 

is not conspicuous, and appearance of the aluminum nitride sintered body Is extremely excellent. In'addition, since 
30 the sintered body has a high black degree, its commercial value is largely enhanced. 

The present inventors investigated the reason why the aluminum nitride sintered body produced as mentioned 

later had a high black degree and low lightness. As a result, the present inventors discovered that if the aluminum 

nitride sintered body satisfies a specific requirement, its black degree of the sintered body is progressed. The present 

invention was accomplished based on the above knowledge. 
35 First, the X-ray diffraction analysis of the blackish brown or blackish gray aluminum nitride sintered body having 

not more than a lightness N4 revealed that its main crystalline phase was AIN and AlON was produced as auxiliary 

crystalline phase. 

On the other hand, when an aluminum nitride powder having a purity of not less than 99.9 wt% was sintered at 
1950'*C, a yelbwish white sample was obtained. The analysis of the crystalline tissue of this sample revealed that a 

40 so-called 27R phase (AI2O3-7AIN) phase was produced besides the main AIN crystalline phase. The grain diameter 
of the AIN cfystalline phase was about 2 ^im to about 4 ^im. and the 27R phase (AlgOg-ZAIN phase) was precipitated 
in the grain boundary. According to a known AI2O3-AIN state diagram, the crystalline phase produced in the sintering 
changes at a boundary of 1 920*C. In view of this, it is considered that the above difference in the crystalline phase 
depends upon the difference in the sintering temperature. 

45 When the above sample having the low lightness of not more than N 4 was heated at IQOO^C in a nitrogen atmos- 

phere, a yellowish white portion was produced. In this yellowish white portion, almost no 27R phase existed besides 
the AIN main crystal, and a spherical AlON crystalline phase mainly existed. The crystalline phase of the low lightness 
sample having undergone the thermal treatment differs from that of the yellowish white sample. 

Further, no difference was observed in the lattice constant of AIN for every hue of the aluminum nitride sintered 

50 bodies. That is, no particular correlation was seen between the kinds of the crystalline phases besides the AIN crystalline 
phase and the hue or the lightness. Therefore, it is considered that the change in the hue of the aluminum nitride 
sintered body is based not on the kind of the crystalline phase but on a defect structure inside the AIN crystalline phase 
or the defect structure of the grain boundary. 

In order to make clear the mechanism what physical property of each of the above samples exhibits the black color 

55 and to make clear the reason whey the high purity aluminum nitride sintered sample obtained as mentbned later 
exhibits the black color, various spectra mentioned below were measured and examined. 
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(Diffraction and reflection spectra in the visible and infrared light) 

Fig. 10(a) is a graph showing a diffraction/ reflection spectrum of a visible and infrared light of an alunninum nitride 
sintered sample having a low lightness, and Fig. 10(b) a graph showing a diffraction/reflection spectrum of the visible 

s and infrared light of a yellowish white portion of this sample produced by heating at 1 900°C. Since the light transmittance 
of the sample is low, an adsorbing characteristic of the visible and infrared light of the sample was evaluated by the 
diffraction/reflecting method. In the diffraction/reflection method, it is judged that an absorbing band exists near a wave- 
length at which the reflecting intensity lowers. 

In the sample having the low lightness, there was a continuous band over the infrared light and the visible light. 

10 In particular, since the continuous absorption occurs in the visible light, the sample became black. In the yellowish 
white portion, there were absorbing bands in short wavelength ranges of 300 nm to 500 nm and 200 nm to 300 nm. 
As mentioned above, the yellow color is exhibited through the absorption of the light on the short wavelength side. 
These visible and infrared absorption spectra are in coincidence with data on the hue and the lightness of each sample. 
Particularly, in the case of the sample having the low lightness, since the continuous absorption occurs over the wide 

IS wavelength range of the infrared and visible light, it is considered that a number of bands are formed in a band gap. 
This is considered to be a transitional state before the crystalline phase having much lattice defects is not still stabilized. 

In order to evaluate the band structure of the aluminum nitride sintered body, a spectrum of a photoluminesence 
was measured. Fig. 11(a) is a graph showing the photoluminescence of a sample having a low lightness. Fig. 11(b) is 
a graph showing a visible light range of the spectrum of Fig. 11(a) in an enlarged scale. Fig. 12 is a spectrum of a 

20 photoluminescence of a yellowish white portion of this sample obtained by thermal treatment. 

In the yellowish white portion, there was a light emission at 990 nm In an infrared range, and broad peaks each 
having a large width of the light emission at 698 nm, 530 nm and 486 nm in the visible light range, respectively. In the 
sample having the low lightness, a large peak was detected at 990 nm as in the case with the yellowish white portion. 
In the visible light range, no collective large light emission was observed in the visible light range, and light emissions 

2S were observed over the entire visible light range. The reason why the intensity of the light emissions is weak is that 
since the sample itself has a low lightness, some of them is absorbed inside the sample. As mentioned above, the 
sample is characterized in that the light emissions are detected over a wide visible light range. This means that a 
numerous kinds of band gaps are formed to emit lights over a wide wavelength range. In Figs. 11 (b) and 12. the peaks 
shown by downward arrows noises of a spectroscope when a measurement wavelength was changed from 540 nm 

30 to 570 nm. 

(Raman spectrum) 

In order to know the construction of the above defect structure by which the visible light is absorbed over a wide 
35 wavelength range, a Raman spectrum was measured with respect to each of samples mentioned later. When a light 
having a frequency fo is irradiated upon a material, a light having a frequency fo ± fi is observed among a scattered 
light in some cases. Such a variation in frequency occurs through exchange of an energy between photon entering 
the material and the material. Therefore, information on the lattice vibration and the electron levels can be obtained 
by measuring the change in frequency f-,. The f^ in a range of about 4000 to 1 cm'^ is called Raman scattering. 
^0 Figs. 1 3 to 1 7 shows Raman spectra obtained by measuring samples of various kinds of aluminum nitride sintered 

bodies. The lattice vibration mode of the AIN crystal can be specifically evaluated by these Raman spectrum. Based 
on this evaluation, information on defects inside the AIN crystal, the concentration of oxygen solki-solved, and the band 
structure in band gaps can be obtained. 

The Al atoms and the N atoms in the AIN crystalline phase take an 4-coordinate wurtzite structure in which the 
-^s aluminum atom and the three N atoms form a sp^ hybrid orbit. As symmetrical species, c-axis symmetrical A^ species, 
a-axis symmetrical Ei species and E2 species exist. Their six optically active vibrations appear in the Raman spectrum. 
These peaks are identified as shown In Table 3. In Table 3 are shown the symmetrical spices and Raman shift values 
(cm-i) of the peaks in the Raman spectrum. 

so Table 3 



55 



Ai (TO) 


A, (LO) 


El (TO 


632 


910 


692 


El (LO) 


E2 


E2 


936 


678 


271 



These peaks can be observed in every sample. Since no difference observed in the half-value width of the peak 
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with respect to each sample, it is presumed that the content of oxygen solid-solved in the AIN crystal does not definite 
differ. Peak in a range of 1 33 to 1 00 cm^^ , particularly, a peak at 1 33 cm*i is a peak showing that a number of electron 
levels are present in the band gap of AIN. It is seen that in yellowish white samples (Figs. 13 and 17), peaks in this 
range, particularly a peak at 133 cm"^ is small, whereas in a black sample, a peak at 1 33 cm'^ appears more greatly 
s and more intensively than a peak at a standard vibration. 

As mentk>ned above, the peaks appearing in the Raman spectrum in 80 to 1 50 c^T^ partrcularly the peak at 1 33 
nm corresponds tea specific electron level existing in the band gap of AIN. A value [1(1 33)/l(680)] normalized by dividing 
the intensity of this peak by that of a peak in a range of 650 to 680 cm'^ caused at the standard frequency of the AIN 
crystal is a physical characteristic value significant in expressing this band structure. Although the Raman shift value 
10 of this peak may slightly deviate from 133 cm'^ depending upon experimental condition, etc., such a deviation is ac- 
ceptable if It is within a significant range. 

It was specifically confirmed that if the above normalized value is set not less than 0.3, the lightness of the aluminum 
nitride sintered body can be made not more than N 5.0. Further, it was clarified that aluminum nitride sintered bodies 
having the lightness N 4.0 or less can be provided by setting this value at not less than 0.4. whereas aluminum nitride 
IS sintered bodies having the lightness N 3.0 or less can be provided by setting this value at not less than 1.0. 

It is considered that in the yellowish white samples and the yellowish white portions of the black samples produced 
by thermally treating it under nitrogen atmosphere, oxygen is solid-solved in the AIN crystal, that is, a N+3 site in the 
AIN crystal is substituted by 0-2, and AI+3 is lost. It is presumed that a color center is formed by an unpaired electron 
trapped by this lattice defect, and conspicuously absorbVs a light on a short wavelength side of the visible light to 
20 exhibit a yellowish white color. Further, it is presumed that a color center is formed by substituting by two oxygen 
ions. 

The microstructure of the above-mentioned black aluminum nitride is shown in Fig. 18. As shown in Fig. 18, very 
small AlON crystals exist in the AIN crystal grain, a grain boundary portion at which the crystals contact is dense and 
has no gap, free from a crystalline grain boundary. Fig. 1 9 is an electron microphotograph of the black aluminum nitride 
2S sintered sample in which the grain boundary portion of the AIN crystals. No foreign phase is seen at the AIN crystalline 
phase. 

The aluminum nitride sintered body having the above-mentioned Raman spectrum characteristic and the small 
lightness could be produced by the following process. First, for powdery aluminum nitride as a raw material, a powder 
obtained by reducing/nitriding method is preferably used. Addition of any metal element other than aluminum to the 
30 raw material of the aluminum nitride powder should be avoided, and such a metal element should be not more than 
100 ppm. The "metal element other than aluminum" means metal elements belonging to Groups la-Vlla, VIII, lb, and 
Mb and part of Groups Itib and tVb (Si, Ga. Ge, etc.) in the Periodic Table. 

The high purity aluminum nitride powder having a small content of the above metal(s) is prepared by the reducing/ 
nitriding process, and is molded by a uniaxial press molding or cold isostatic press to produce a molding. The molding 
35 Is fired in a reducing atmosphere without being contacted with surrounding air. As a firing method, hot press or hot 
isostatic press may be adopted. 

The firing pressure is set at not less than 300 kg/cm^. Judging from an actual producing apparatus, this pressure 
is preferably set at not more than 0.5 ton/cm^. At that time, the holding temperature in the firing is preferably set at 
1750''Cto1850°C. 

40 The present inventors have repeated investigations on the above process in more detail. As the process for the 

productbn of aluminum nitride powder, the reducing/nitriding process and a directly nitriding process are known. Chem- 
ical reactions used in these processes are given below. 

Reducing/nitriding process: AI2O3 + 3G + Ng 2AIN + 3CO 

45 Direct nitriding process: i) AI(C2H5) + NH3 -> AIN + 3C2H6 (Gas phase process) 

ii) 2AI + Ng ^ SAIN 

In the reducing/nitriding process, the aluminum nitride crystal is produced by reducing and nitriding a -AI2O3 phase 
with carbon. It is considered that the carbon used as a reducing catalyst remains on the surface of the aluminum nitride 

50 crystal, and oxygen not removed by reducing or nitriding remains inside the aluminum nitride sintered body. Aluminum 
nitride is thermodynamically unstable in air, and the content of oxygen particularly in a fine sintering powder having a 
surface activity increases because it easily reacts with moisture and oxygen in air even at room temperature. Therefore, 
the aluminum nitride crystal having activity for moisture and oxygen is stabilized by covering the oxidizable surface 
layer with an oxide or a hydroxide. This oxidizing treatment is utilized to remove carbon atoms remaining at the surfaces 

55 of the reduced grains to enhance the purity. 

Therefore, what are important from the standpoint of the quality of the aluminum nitride crystal are the oxidized 
film present at the surface of the grain and the content of oxygen solid-solved in the aluminum nitride during the reducing/ 
nitriding step. 
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As mentioned above, the powder obtained by the reducing/nitriding process is molded, and the molding Is heated 
in the reducing atmosphere under application of a high pressure mentioned above. During the heating, CO gas is 
generated near the surface of the aluminum nitride grains through a reaction between AI2O3 and C (carbon). 

It is considered that numerous electron levels are formed In the AIN band gap by the gas phase species (AfeO^. 
s AlgO, Al) and oxygen pores, so that a specific band structure is formed to continuously absorb the visible light over a 
wide wavelength range. At that time, the following reactions may occur at the surface of the AIN powder 

AlgOg + C — > CO + AI2O2 + Vq (oxygen pore) 

10 

AlgOg + 2C -> 2 CO + AlgOg + 2 Vq (oxygen pore) 

AI2O3 + 3C -> 3 CO + AI2O2 + 3 Vq (oxygen pore) 

In the above, the relative density of the aluminum nitride sintered body is a value defined by the formula (Relative 
Density = bulky density/theoretical density), and its unit is %. 

The aluminum nitride sintered body according to the present Invention has a large heat radiation amount and 
20 excellent heating characteristic. Further, since the sintered body has almost no conspicuous variation in color at the 
surface and is blackish brown or blackish gray, its commercial value is high. Accordingly, the aluminum nitride sintered 
body can be used suitably particularly for various heating apparatuses. Furthermore, since the aluminum nitride sintered 
body according to the present Invention does not use a sintering aid or a blacking agent as a feed source of a metal 
element besides aluminum and the content of the metal atoms beside aluminum can be suppressed to not more than 
2S 1 00 ppm, it causes no contamination. Therefore, the sintered body is most suitable as a material for high purity process- 
ing, in particular, the sintered body will not afford any serious adverse effect upon the semiconductor wafer or Its 
apparatus itself in the semiconductor-producing process. 

In the following, more specific experimental results will be explained. 

30 (Experiment A) 

Aluminum nitride sintered bodies were actually produced as follows. As a raw material of aluminum nitride, high 
purity powder produced by the reducing/ nitrlding process was used. In each powder, the content of each of Si, Fe, 
Ca, Mg, K, Na, Or, Mn, Ni, Cu, Zn, W, B and Y was not more than 100 ppm. and no other metal was detected besides 
35 those metals and aluminum. 

A molding having a discoidal shape was produced by uniaxially press molding each raw material powder. A sintered 
body was produce by setting the molding in a mold, and holding it at a given firing temperature in nitrogen atmosphere 
under a given pressure for a given time period. These values are shown in Table 4. The main crystalline phase and 
other crystalline phase of each sample were measured by the X-ray diffraction analysis. Further, l(133)/l(680). the 
40 relative density, the hue and the lightness of the sintered body were measured. 

The relative density of the sintered body was calculated from bulk densityAheoretical density, and the bulk density 
was measured by the Archimedean method. Since no sintering aid having a large density was not contained, the 
theoretical density of the sintered body is 3.26 g/cc. The hue of the sintered body was visually determined, and the 
lightness of the sintered body was measured according to the above-mentioned process. These results are also shown 
4S in Table 4. Test Runs Al and A5 fall outside the scope of the present invention, and Test Runs A2, A3, A4 and A4 fall 
in the scope of the present Invention. 

Raman spectra were measured under the condition that the wavelength of a laser was 514.5 nm, three mono- 
chrometers were used, an incident slit was 1200 p.m In width, and sensitivity was 0.05 (nA/FS) x 100. 
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It Is confirmed from Table 4 that a ratio: l(133yi(680) between the height 1(133) of a peak at 133 cm'^ and the 
height (680) of a peak at 680 cm'^ has a clear correlation between the lightness and the hue of the sintered body. The 
ceramic tissue of the sample in Test Run 2 was similar to that shown in Fig. 1 8. An electron microphotograph showing 
the ceramic tissue near the grain boundary of this aluminum nitride grain was similar to that shown in Fig. 19. It was 
s confirmed that the samples in Test Runs A3 and A4 had substantially the same microstructure as shown in these 
microphotographs. 

(Experiment B) 

10 The sample in Test Run A2 of Experiment A was thermally treated at 1900°C in nitrogen atmosphere for 2 hours, 

thereby producing Sample B. An outer peripheral portion of Sample B was changed to yellowish white (lightness N 8). 
This portion was cut out, and its Raman spectrum was measured. A result was l(133)/l(680) was 0.10. 

(Infrared spectrum) 

IS 

A visible and infrared reflection spectrum and a visible and infrared reflection spectrum of Sample No. B were 
similar to those in Figs. 10(a) and 10(b). respectively. Explanation of these figures has been made before, and is omitted 
here. 

Fig. 1 1 (a) is a spectrum in a photoluminescence of Test Run A2. Fig. 1 1 (b) is a graph showing an enlarged spectrum 
^ of Fig. 11(a) in a visible tight range. Fig. 12 shows a spectrum in the photoluminescence of Test Run B. Explanation 
of these figures has been made before, and is omitted here. 

(Wafer-heating test) 

2S A plate having a diameter of 210 mm and a thickness of 10 mm was prepared from the aluminum nitride sintered 

body of Sample A2 according to the present invention, and was placed in a vacuum chamber equipped with a heating 
mechanism having an infrared lamp unit. A silicon wafer having a diameter of B inches was placed on this plate, and 
thermocouples were fitted to the plate and the silicon wafer to simultaneously measure each of the temperatures 
thereof. As the infrared lamp unit, twenty of 500 W infrared lamps having an infrared peak around a wavelength of 1 

30 and fitted to an reflecting plate made of aluminum were used, and these infrared lamps and the reflecting plate 

were arranged outside the vacuum chamber 

The infrared beam radiated from each infrared lamp was, directly or indirectly after being reflected from the re- 
flecting plate, led to the aluminum nitride sintered plate through a circular quartz window (diameter: 250 mm, thickness: 
5 mm) provided at the vacuum chamber to heat the plate. 

35 In this heating apparatus, each infrared lamp was lit to elevate the temperature of the plate from room temperature 

to 700°C in one minute, and the plate was kept at 700**C for one hour. Thereafter, the infrared lamps were put out, and 
the plate was gradually cooled. Consequently, the consumption power of the infrared lamps was 8550 W at the max- 
imum, and the temperature could be stably controlled. Further, measurement of the temperature of the silicon wafer 
revealed that when the temperature of the plate was kept at 700''C, the temperature of the wafer was 615**C. 

40 

(Heating experiment in comparative example) 

Next, an aluminum nitride powder obtained by the reducing/nltriding process and containing 300 ppm of carbon 
was used, and a discoidal molding was produced by pressing this powder under pressure of 3 tons/cm^ by the cold 
45 isostatic press. This molding was fired at 1 940°C for 2 hours to produce a white aluminum nitride sintered body having 
a density of 99.4%. By using this sintered body, a silicon wafer-heating experiment was effected in the same manner 
as mentioned above. 

As a result, the consumption power was 10 kw at the maximum, and the time period required to realizing the 
temperature elevation was longer by around 2 minutes. Further, the Infrared lamps were more likely to be wire-cut 
so upon reception of a heat cycle of temperature rising-temperature descending between room temperature and 700*C. 
Furthermore, measurement of the temperature of the silicon wafer revealed that when the plate was held at 700'C, 
the temperature of the silicon wafer was 593° C. Thus. It was clarified that as compared with the invention example, 
the temperature of the silicon wafer was lower. 

55 (Electrode and resistive heat generator burying experiment) 

As in the same with Sample A2 of the present Invention, the above-mentioned aluminum nitride powder was used, 
and a coil (a resistive heat generating wire) made of a 0.5 mm-dlameter molybdenum wire was buried in the powder, 
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while a circular electrode, 5 mm in diameter and 10 mm in thickness, made of molybdenum was connected to the coil 
and also buried. The resulting powder body in which the coil and the electrode were buried was unlaxially press molded 
to obtain a discoidal molding. At that time, the coil brined in the molding took a swirling planar shape. 

An aluminum nitride sintered body was obtained by holding the the resulting discoidal molding at 1600^0 under 
s pressure of 300 kg/cm^ for 2 hours according to the hot press. In the aluminum nitride sintered body, the above resistive 
heat generator and the molybdenum electrode were buried. This molybdenum electrode can be used as an electrostatic 
chucking electrode or a high frequency electrode. 

In the following, the third aspect of the present invention will be explained. 

During the course of Investigating aluminum nitride sintered bodies, the present inventors have succeeded In 
10 producing a blackish gray to blackish brown aluminum nitride sintered body containing almost no metallic element such 
as a sintering aid or a blacking agent other than aluminum and having a extremely low lightness with a black color of 
not more than lightness N 4 specified in JIS Z 8721. 

Since this aluminum nitride sintered body exhibits the black having not more than the lightness N 4 specified in 
JIS 2 8721 as a preferred embodiment, the sintered body has a large radiation heat amount and an excellent heating 
'5 characteristic. Therefore, such a sintered body is suitable as a substrate constituting a heating material for a ceramic 
heater, susceptor, etc. In addition, since the content of the metal element(s) other than aluminum can be made extremely 
small, it Is not feared that a semiconductor wafer is contaminated with such a metallic element. In particular, it is not 
feared that the sintered body will afford an adverse effect upon the semiconductor wafer or an apparatus therefor. 
Furthermore, a variation in color at the surface of the aluminum nitride sintered body according to the present invention 
20 is not conspicuous, and appearance of the aluminum nitride sintered body is extremely excellent. In addition, since 
the sintered body has a high black degree, its commercial value is largely enhanced. 

More specifically explaining, the present inventors prepared a raw material composed of powdery aluminum nitride 
containing 500 ppm to 5000 ppm of carbon, molding it, and sintering the molding at not less than a temperature 1730<*C 
under pressure of not less than 80 kg/cm^ by the hot press. By so doing, the inventors succeeded in producing the 
25 above-mentioned blackish brown to blackish gray aluminum nitride substrate-having a small lightness. 

The raw material composed of the powdery aluminum nitride containing 500 ppm to 5000 ppm of carbon may be 
produced by any one of the following methods. 

(1) To powdery aluminum nitride Is added a given amount of a carbon source to adjust the content of carbon In 
30 the powder to 500 ppm - 5000 ppm. 

(2) A raw material composed of the powdery aluminum nitride having the carbon content of 500 ppm to 5000 ppm 
is produced by mixing plural kinds of aluminum nitride powders having different carbon contents at a given ratio. 
In this case, three or more kinds of aluminum nitride powders may be mixed. However, as a preferred embodiment, 
a raw material composed of the powdery aluminum nitride having the carbon content of 500 ppm to 5000 ppm is 

^ produced by mixing a first aluminum nitride powder having a lower carbon content with a second aluminum nitride 

having a higher carbon content at a given ratio. 

In this way, the present inventors succeeded in stably producing the aluminum nitride sintered body having low 
lightness by sintering the aluminum nitride powder containing carbon at a given ratio in a given temperature range 
40 under high pressure. If the content of carbon is less than 500 ppm, the lightness of the sintered body increases, whereas 
if the content of carison is more than 5000 ppm, the relative density of the aluminum nitride sintered body is decreased 
to less than 92 %. and its hue is gray. 

It was clarified that if the firing temperature is less than 1 7300, the densificatlon of the sintered body Is not sufficient 
so that the aluminum nitride sintered body may be white and its lightness may rise to not less than 7. On the other 
45 hand, if the firing temperature of the above powder Is more than 1920''C, a polytype phase is produced so that the 
lightness of the aluminum nitride sintered body may rise. When the firing temperature was in a range of 1750*'C to 
1900*C, the lightness of the aluminum nitride sintered bodies were particularly decreased. 

If te firing pressure Is less than 80 kg/cm^, It was clarified that an AIN-AlgCO crystalline phase is produced or a 
polytype phase Is produced in addition to AIN-AI2CO crystalline phase so that the lightness of the aluminum nitride 
50 sintered body may increase. For a reason mentioned later, this pressure is preferably not less than 150 kg/cm^ and 
more preferably not less than 200 kg/cm2 Judging from the ability of the actual production apparatus, this pressure is 
preferably not more than 0.5 ton/cm2. 

The aluminum nitride sintered body preferably exhibits a black color having a lightness N 3 specified in JIS Z 8721 . 

Addition of a metal element other than aluminum to powdery aluminum nitride should be avoided, and such a metal 
55 element is preferably not more than 100 ppm. The •metal element other than aluminum" means metal elements be- 
longing to Groups la-Vlla. VIII. lb. and Mb and part of Groups lllb and IVb (Si. Ga. Ge. etc.) in the Periodic Table. 

Further, the present Inventors confirmed that high purity aluminum nitride sintered bodies each having not more 
than a lightness N 4 can be produced even by the hot isostatic press under the same condition as given above so long 
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as the above temperature and pressure requirements are met. 

The present inventors investigated the reason why the aluminum nitride sintered body produced as mentioned 

above had a high black degree and low lightness. As a result, the present inventors has discovered the following fact, 

and come to accomplished the present invention. 
s More specifically, in the samples having the blackish brown or the blackish gray with not more than the lightness 

N 4, the main crystalline phase was AIN, and AlON was produced as an auxiliary crystalline phase, but no other 

crystalline phase could not be found. With respect to this, the X-ray diffraction analysis was effected. For example, as 

shown in Fig. 20, it was clarified that peaks of carbon clearly appeared. This shows that a carbon phase was produced 

in addition of the main AIN crystalline phase and the AlON crystalline phase. 
10 In this X-ray diffraction analysis chart, a peak corresponding to a c-axis face was not detected. This means that 

the number of laminated layers of a laminated structure made of carbon atoms is only a few, and thus the thickness 

of the carbon layer structure is extremely thin. It is considered that the carbon exists near the grain boundary of the 

AIN crystalline phase. 

When the above sample having the low lightness was heated, for example, at 1850**C in nitrogen atmosphere, as 
'5 is seen from an X-ray diffraction chart shown in Fig. 21 , the AIN crystalline phase remains, but none of the AlON phase 
and the carbon appear and were detected. This Is considered in that oxygen in AlON phase and the carbon are solid 
solved into the AIN crystal grains. For example, the N-sites are substituted by oxygen atoms so that a color center may 
be formed to absorb a light in a short wavelength range. 

The microstructure of the above-mentioned aluminum nitride Is shown in Fig. 22. As shown in Fig. 22, very small 
20 AlON crystals exist in the AIN crystal grain, almost no grain boundary is seen between the crystalline phases, and a 
grain boundary portion at which the crystals contact is dense and has no gap. Fig. 23 is an electron microphotograph 
of an aluminum nitride sintered body falling in the scope of the present invention in whrch a grain boundary portion of 
a crystal composed of AIN is enlarged. Fig. 24 is an electron microphotograph of a yellowish white sample in which a 
grain boundary portion of a AIN crystal is enlarged. No different phase is seen between the AIN crystals. 
25 As the process for the production of aluminum nitride powder, the reducing/nitriding process and a directly nitriding 

process are known. According to the present invention, the aluminum nitride sintered body having the low lightness 
can be produced by employing the powdery raw material prepared by either one of these processes. Chemical reactions 
used in these processes are given below. 

30 Reduclng/nltriding process: AI2O3 + 3C + Ng 2A1N + 3CO 

Direct nitriding process: i) AI(C2H5) + NH3 -> AIN + 3C2H6 (Gas phase process) 

ii) 2AI + N2 2AIN 

When the aluminum nitride powder is to be sintered, carbon is added into the powder at a given ratio, and the 
35 mixture is heated and sintered under high pressure. At that time, AI2O3 existing near the surface of the aluminum nitride 
powder Is reduced with the carbon added, thereby producing AIN. It Is considered that during when this reduction 
proceeds according to the below-mentioned formulae (1 ), (2) and (3), a band is formed on the surface of the ALN grain 
so that the band may continuously absorb a visible light over a wide range to lower the lightness. However, the carbon 
phase must remain near the grain boundary at the point of this time. It is considered that if the firing temperature 
40 exceeds and becomes higher than 1 950'*C, the production of the AI2O phase proceeds according to a formula: AlgO 
-I- C -> AI2OC to decrease the carbon phase, and accordingly the relatively unstable band on the surface of the AIN 
grain formed according to the formulae (1). (2) and (3) decreases. Further, it is considered that if the holding time is 
too long, the carbon similarly decreases. 

45 (1 ) AI2O3 + C AI2O2 + CO 

(2) AI2O3 + 2C AI2O2 + 2 CO 

(3) AI2O3 + 3G -» AI2O2 + 3 CO 

The aluminum nitride sintered body according to the present Invention ordinary possesses the main crystalline 
50 phase of AIN, an auxiliary crystalline phase of AlON and a carbon phase. It is preferable that the sintered body contains 
substantially no (AIN)x(Al20C)i.x phase, and has not more than the lightness N 4 specified In JIS Z 8721 . 

That is, when powdery aluminum nitride is sintered under pressure of about 80 to 100 kg/cm^, a gray aluminum 
nitride sintered body having a lightness N 4 to N 5 is produced in some cases. The X-ray diffraction analysis result and 
other spectrum analysis results of the resulting crystalline phase revealed that the resulting matrix fundamentally in- 
55 dudes the main crystalline phase of AIN, the auxiliary crystalline phase and the carbon phase. On the other hand, if 
a pressure of not less than 150 kg/cm2 is employed, the lightness of the sintered body further decreases so that the 
lightness of not more than N 4 can be stably obtained. 

The microstructure of the fundamental matrix, etc. dkJ not differ between the above two cases. However, as shown 
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in electron microphotographs of Figs. 25 and 26, it was made clear that the (AIN)jj(Al20C)i.x phase was slightly pro- 
duced in the gray product. A very small gap was formed between the AIN crystalline phase and the (AIN)^(Al20C)i.x 
phase, so that light was scattered in this gap and the scattered light rose the lightness. Therefore, the lightness of the 
aluminum nitride sintered body can be further decreased to not more than N 4. and furthermore to not more than N 
s 3.5 by preventing the production of the (AIN)]((Al20C)^.x phase. 

The following can be favorably used as a carbon source to be added to powdery aluminum nitride. 

(1) A resin containing carbon. For example, a flying powdery organic resin composed of such as a phenol resin. 

(2) Powdery carbon such as carbon black, graphite or the like 

10 (3) An intermediate product of aluminum nitride produced during a course of the reducing/nitriding process or the 

like and having a high concentration of carbon. 

The aluminum nitride powder and the carbon source can be mixed by dry type mixing such as a dry type bag. a 
ball mill or a vibration mill, or by a wet type mixing using an organic solvent. 

IS The aluminum nitride sintered body according to the present invention has a large heat radiation amount and 

excellent heating characteristic. Further, since the sintered body has almost no conspicuous variation in color at the 
surface and is blackish brown or blackish gray, its commercial value is high. Accordingly, the aluminum nitride sintered 
body can be used suitably particularly for various heating apparatuses. Furthermore, since the aluminum nitride sintered 
body according to the present Invention does not use a sintering aid or a blacking agent as a feed source of a metal 

20 element besides aluminum and the content of the metal atoms beside aluminum can be suppressed to not more than 
1 00 ppm, it causes no contamination. Therefore, the sintered body is most suitable as a material for high purity process- 
ing. In particular, the sintered body will not afford any serksus adverse effect upon the semiconductor wafer or its 
apparatus itself in the semk:onductor-producing process. 

In the following, more specific experimental results will be explained. 

25 

(Experiment A> 

Each of aluminum nitride sintered bodies in Test Runs A1 to A12 in Tables 5 and 6 was actually produced as 
follows. As a raw material of aluminum nitride, high purity powder produced by the reducing/nitriding process or the 

30 direct nitrlding process was used. In each powder, the content of each of Si, Fe, Ca, Mg, K, Na, Cr, Mn, Ni, Cu, Zn, W, 
B and Y was not more than 100 ppm, and no other metal was detected besides those metals and aluminum. With 
respect to each Test Run, the content of carbon is shown In Tables 5 and 6. 

A preliminarily molded body having a discoidal shape was produced by uniaxially press molding each raw material 
powder. The molding was fired in a sealed state by the hot press. The firing temperature, the holding time period at 

35 this firing temperature and the pressure in the firing stage were varied as shown in Tables 5 and 6. The main crystalline 
phase and other crystalline phase of each aluminum nitride sintered body were measured by the X-ray diffraction 
analysis. Further, the relative density of the sintered body was calculated by bulk densityAheoretical density, and the 
bulk density was measured by the Archimedean method. Since no sintering aid having a large density was not con- 
tained, the theoretical density of the sintered body is 3.26 g/cc. The content of carbon in the sintered body was measured 

40 by an elemental analysis. The hue of the sintered body was visually determined, and the lightness of the sintered body 
was measured according to the above-mentioned process. These results are also shown in Tables 5 and 6. 
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In Test Run Al falling outside the scope of the present invention, the content of carbon was 150 ppm, the firing 
tenrtperature ISOCC, and the pressure 200 kg/cm^ in the resulting sintered body, a crystalline phase other than the 
AIN crystalline phase was AlON alone, and no carbon phase was detected by the X-ray diffraction analysis. The hue 
of the sintered body was gray. In Test Run A2 falling inside the scope of the present invention, the content of carbon 

s was 500 ppm, the firing tennperature 1800°C, and the pressure 100 kg/cm^. In the resulting sintered body, the AlON 
crystalline phase and the carbon phase were detected. The hue of the sintered body was blackish gray, and the lightness 
was N 3.5. In Test Run A3 falling outside the scope of the present invention, the content of carbon was 750 ppm, the 
firing temperature 1 700**C. and the pressure 200 kg/cm^. In the resulting sintered body, no carbon phase was detected. 
The hue of the sintered body was white. 

10 In Test Run A4 falling inside the scope of the present invention, the content of carbon was 750 ppm, the firing 

temperature 1 /SC^C, and the pressure 150 kg/cm^. In the resulting sintered body, the AlON crystalline phase and the 
carbon phase were detected. The hue of the sintered body was blackish gray, and the lightness was N 4. In Test Run 
A5 falling inside the scope of the present invention, the content of carbon was 750 ppm, the firing temperature 1 850° C, 
and the pressure 50 kg/cm^. In the resulting sintered body, the (AIN)x(Al20C)-,.x phase was detected in addition to the 

IS AlON crystalline phase and the carbon phase. Accordingly, the hue of the sintered body was gray, but as mentioned 
above, it was confirmed that the black coloring of the matrix conspicuously proceeded. Excellent results were obtained 
with respect to Test Runs A6 and A7 falling inside the scope of the present invention. 

In Test Run A8 falling outside the scope of the present invention, the content of carbon was 750 ppm, the firing 
temperature 1950°C, and the pressure 150 kg/cm^. in the resulting sintered body, a polytype existed besides the AIN 

20 crystalline phase. The hue of the sintered body was milky white, and the lightness was N8. In Test Runs A9, A10 and 
All falling inside the scope of the present invention, excellent test results were obtained. In Test Run 12 falling in the 
scope of the present invention, the content of carbon was 10000 ppm, the firing temperature 1800*^0. and the pressure 
200 kg/cm^. In the resulting sintered body, the carbon phase was produced, and the black cok>ring of the matrix con- 
spicuously proceeded. However, since the porosity increased, the lightness of the entire sintered body accordingly 

2S increased to N5. 

Among them, an X-ray diffraction chart of the sintered body of Test Run A6 Is shown in Fig. 20. Respective peaks 
representing the AIN, AINO and carbon phases are confirmed. Further. Fig. 22 is an electron microphotograph showing 
a ceramic tissue of a sintered body of Test Run A6. Fig. 23 shows the ceramic tissue near the grain boundary. With 
respect to the sintered bodies in Test Runs A2, A4, A7, A9, A10 and All, similar X-ray diffraction charts and crystalline 

30 tissues were confirmed. 

Fig. 25 shows a ceramic tissue of the sintered body in Test Run A5, and Fig. 26 shows an enlarged view thereof. 
With respect to this tissue, the X-ray diffraction analysis result of the matrix portion and the analysis result of a visible 
light absorption spectrum were similar to those of Test Run A6. However, the (AIN)x(Al20C)i.x phase looking black 
exists in this matrix, so that a slight gap exists between this crystalline grain and the AIN crystal and the light is scattered 

35 in this gap to make the sintered body white. The matrix tissue of this sintered body Is fundamentally the same as that 
of the aluminum nitride sintered body according to the present invention, and the black coloring proceeded when 
considered relatively. However, the lightness of the sintered body was raised to N 5 due to the above scattered light. 

Next, the sintered body in Test Run A6 was experimentally thermally treated in nitrogen atmosphere. When this 
sintered body was thermally treated at ISSO^'C for 2 hours, only an outer peripheral portion of the sintered body was 

40 changed to a yellowish white color, but the hue and the lightness of a central portion did not change. The X-ray diffraction 
analysis of the yellowish white-colored portion revealed that its main crystalline phase was an AIN crystalline phase, 
and the peaks corresponding to the AlON phase and carbon, respectively disappeared and none of these peaks were 
detected. No change was observed with respect to the relative density and the lattice constant ratio. 

It is considered that near the surface of the sintered body in Test Run 6, oxygen in the nitrogen atmosphere, oxygen 

45 in the AlON phase and carbon were solid-solved in the AIN crystal grains. It is considered that such reactions more 
slowly proceed Inside the sintered body. 

(Experiment B) 

50 Aluminum nitride sintered bodies in Test Runs B1 to 815 in Tables 7, 8 and 9 were actually produced in the same 

manner as in Test Runs AI-A12. As a raw material of aluminum nitride, high purity powders produced by the reducing/ 
nitriding process or the direct nitriding process were used, in each powder, the content of each of Si, Fe, Ca, Mg. K, 
Na, Or, Mn, Ni, Cu, Zn. W, B and Y was not more than 100 ppm. and no other metal was detected besides those metals 
and aluminum. 

ss In Test Run B1 , powdery aluminum nitride (carbon content: 500 ppm) obtained by the reducingAiitriding process. 

In the other Test Runs, an additive having a larger content of carbon was added to one having a smaller content of 
carbon. As such an additive, a resin was used in some Test Runs, and aluminum nitride powder having a larger content 
of carbon was used in the other Test Runs. As the above resin, phenol resin powder was used, and its addition amount 
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is shown. As the above alumina nitride powder, the one obtained by the reducing/nitriding process was used, and its 
content of carbon and an addition amount thereof are shown. The entire content of carbon (ppm) of each mixed raw 
material powder is shown. 

A pretimlnarity molded body having a discoidal shape was produced by uniaxially press molding each raw material 
5 powder. The molding was fired in a sealed state by the hot press. The firing temperature, the holding time period at 
this firing temperature and the pressure In the firing stage were varied as shown in Tables 7, 6 and 9. The main crystalline 
phase and other crystalline phase of each aluminum nitride sintered body in Test Runs were measured by the X-ray 
diffraction analysis. Further, the relative density, the hue and the lightness of the sintered body were measured in the 
same manners as in Test Runs A1-A12. Results are shown In Tables 7, 8 and 9. 

10 



Table 7 



IS 


**-**-J[est Run Mo. 


Bl 


B2 


B3 


B4 


B5 




AXH powder 


Nitriding 

unde r 
reduction 


Nitriding 

under 
reduction 


Nitriding 
reduction 


Nitriding 
reduction 


Nitriding 
reduction 




Content o£ carbon 


500 


400 


500 


700 


700 


20 


Additive 




AlN powder 


resin 


AIN powder 


AlN powder 




Content o£ carbon 




600 


500000 


1000 


10000 




Amount o£ added 
content (vt%) 




50 


0.02 


10 


2.5 


25 


Total content of 
carbon 


500 


600 


600 


730 


930 




Firing 

temperature (*C) 


1800 


1800 


1800 


1750 


1800 


30 


Holding time(hr.) 


2 


2 


1 


2 


2 




Pressure (kg/cro2) 


200 


200 


200 


200 


200 




Main crystalline 
phase 


AIN 


AIN 


AIN 


AIN 


AIN 


35 


Other crystal(s) 


AlON 
carbon 


AlON 

carbon 


AlON 

carbon 


AlON 

carbon 


AlON 

carbon 




Relative density 
(%) 


99.4 


99.5 


99.6 


99.4 


98.5 


40 


Content of carbon 
in sintered body 
(ppm) 


500 


600 


600 


720 


920 




Tone of color of 
sintered body 


blackish 
gray 


blackish 
gray 


blackish 
gray 


blackish 
gray 


blackish 
gray 




Lightness of 
sintered body 


M4.0 


N4.0 


N4.0 


N4.0 


N4.0 



45 



SO 



SS 



23 



EP 0 757 023 A2 



Table 8 



--...J^s t Run No. 


B6 


B7 


B8 


B9 


BIO 


AIN powder 
Content of carbon 


Nitriding 

under 
reduction 

600 


Nitriding 

under 
reduction 

500 


Direct 
ni tr iding 

400 


Nitriding 

under 
reduction 

300 


Ni tr iding 

under 
reduction 

300 


Additive 

Content of carbon 

Amount of added 
content (vt%) 


resin 
500000 

0.05 


resin 
500000 

0.05 


AlN powder 
10000 

2.5 


AIN powder 
20000 

5 


AIN powder 
20000 

5 


Total content of 
carbon 


850 


750 


640 


1285 


1285 


Firing 

temperature <**C) 


1800 


1650 


1800 


1800 


1800 


Holding time (hr. ) 


2 


1 


1 


80 


70 


Pressure (kg/cm^) 


200 


200 


250 


150 


100 


Main crystalline 
phase 


AlN 


AIN 


AIN 


AIN 


AIN 


Other crystal(s) 


AXON 
carbon 


AlON 


AlON 
carbon 


AlON 
carbon 


AlON 
carbon 
Aln-Al2CO 


Relative density 
(%) 


98.5 


95.0 


95.0 


97.2 


98.0 


Content of carbon 
in sintered body 
(ppm) 


840 


750 


640 


1270 


1240 


Tone of color of 
sintered body 


blackish 
gray 


whi te 


blackish 
gray 


blackish 
gray 


gray 


Brightness of 
sintered body 


N4.0 


N8.0 


N4.0 


N3.5 


N5.0 



40 



45 



50 
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Table 9 



5 


^^**--*.*.5es t Run No. 


BlI 


B12 


B13 


B14 


B15 




AIM nAw^chi* 

Content of carbon 


Nitriding 

reduction 
300 


Nitriding 

under 
reduction 

300 


Nitriding 

under 
reduction 

300 


Nitriding 

under 
reduction 

1000 


Nitriding 

under 
reduction 

4000 


10 


Additive 


AlN powder 


resin 


AlN powder 


AlN powder 


AlN powder 




Content of carbon 


20000 


500000 


50000 


40000 


40000 




Amount of added 
content (wt%) 


5 


0.2 


3 


10 


10 


IS 


Total content of 
carbon 


1285 


1299 


1791 


4900 


7600 




Fir xng 

temperature (*C) 


1940 


1800 


1800 


1800 


1800 


20 


Holding time(hr*) 


1 


2 


2 


2 


2 




Pressure (kg/cm^) 


100 


200 


200 


200 


250 




Main crystalline 
phase 


AlN 


AlN 


AlN 


AlN 


AlN 


25 


Other crystaKs) 


poly type 


A ION 
carbon 


AlON 
carbon 


AlON 
AI2OC 


AlON 
carbon 




Relative density 
(%) 


98.0 


96.0 


97.0 


95.2 


88.0 


30 


Content of carbon 
in sintered body 
(ppm) 


1200 


1280 


1790 


4500 


7200 




Tone of color of 
sintered body 


milky 
white 


dark gray 


dark gray 


dark gray 


gray 




Brightness of 
sintered body 


N7.0 


N3.5 


N3.5 


N3.5 


N5.0 



3S 



In Test Run B1 falling in the scope of the present invention, a blackisli gray aluminum nitride sintered body was 
obtained. In each of Test Runs B2, B3, 84. B5 and B6 fading in the scope of the present Invention, a blackish gray 
aluminum nitride sintered body was obtained. In Test Run B7 falling outside the scope of the present invention, since 

40 the firing temperature was as low as 1 GSC^C. densification of a sintered body did not proceeded, and no carbon phase 
was produced, so that the hue of the sintered body was white. In Test Run B8 and B9 falling in the scope of the present 
invention, blackish gray sintered bodies were obtained. In Test Run BIO, although the pressure was 70 kg/cm^, the 
carbon phase was produced in the resulting sintered body and the black-coloring of the matrix proceeded, whereas 
the lightness of the entire sintered body rose. In a ceramic tissue of this sintered body was present a (AIN)j((Al20C)i.j( 

45 phase looking black. A very small gap existed between this crystal grain and the ALN crystalline phase, and the light 
was scattered in this gap, so that the sintered body was white. 

In Test Run 811 falling outside the scope of the present invention, since the firing temperature was too high, a 
polytype was except the AlN crystalline phase, and the hue of the sintered body was milky white. In Test Runs 81 . B2, 
B1 3 and B1 4 falling in the scope of the present invention, aluminum nitride sintered body having the blackish gray hue 

50 were obtained. In Test Run 15 falling In the scope of the present invention, the entire content of carbon in the entire 
aluminum nitride raw material was 7600 ppm, the AlON crystalline phase and the carbon phase were produced besides 
the AlN crystalline phase. However, since the sintering degree of the sintered body progressed, the relative density 
was only 88.0% and the lightness was N 5. 

ss (Wafer-heating test) 

A plate having a diameter of 210 mm and a thickness of 10 mm was prepared from the aluminum nitride sintered 
body of Sample AS according to the present invention, and was placed In a vacuum chamber equipped with a heating 
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mechanism having an infrared lamp unit. A silicon wafer having a diameter of 8 inches was placed on this plate, and 
thermocouples were fitted to the plate and the silicon wafer to simultaneously measure each of the temperatures 
thereof. As the infrared lamp unit, twenty of 500 W infrared lamps having an infrared peak around a wavelength of 1 
fim and fitted to an reflecting ptate made of aluminum were used, and these infrared lamps and the reflecting plate 

s were arranged outside the vacuum chamber. 

The infrared beam radiated from each infrared lamp was, directly or Indirectly after being reflected from the re- 
flecting plate, led to the aluminum nitride sintered plate through a circular quartz window (diameter: 250 mm, thickness: 
5 mm) provided at the vacuum chamber to heat the plate. 

In this heating apparatus, each infrared lamp was lit to elevate the temperature of the plate from room temperature 

10 to 700*C in one minute, and the plate was kept at 700®C for one hour. Thereafter, the infrared lamps were put out, and 
the plate was gradually cooled. Consequently, the consumption power of the infrared lamps was 8600 W at the max- 
imum, and the temperature could be stably controlled. Further, measurement of the temperature of the silicon wafer 
revealed that when the temperature of the plate was kept at 700*^0. the temperature of the wafer was 611 "C. 

IS (Heating experiment in comparative example) 

Next, an aluminum nitride powder obtained by the reduclng/nltriding process and containing 750 ppm of carbon 
was used, and a discoidaf molding was produced by pressing this powder under pressure of 3 tons/cm^ by the cold 
isostatic press. This molding was fired at 1900*C for 2 hours to produce a white aluminum nitride sintered body having 
20 a density of 99.4%. By using this sintered body, a silicon wafer-heating experiment was effected in the same manner 
as mentioned above. 

As a result, the consumption power was 10 kw at the maximum, and the time period required to realizing the 
temperature elevation was tonger by around 2 minutes. Further, the infrared lamps were more likely to be wire-cut 
upon reception of a heat cycle of temperature rising-temperature descending between room temperature and 700"C. 
25 Furthermore, measurement of the temperature of the silicon wafer revealed that when the plate was held at 700**C, 
the temperature of the silicon wafer was 593' C. Thus, it was clarified that as compared with the invention example, 
the temperature of the silicon wafer was lower. 



30 Claims 

1. An aluminum nitride sintered body, wherein a g-value of an unpaired electron of the aluminum nitride sintered body 
In a spectrum of an electron spin resonance is not less than 2.0010. 

35 2. The aluminum nitride sintered body set forth in Claim 1 , wherein said g-value Is not less than 2.0040. 

3. The aluminum nitride sintered body set forth in Claim 1 or 2, which comprises a main crystalline phase of AIN and 
an auxiliary crystalline phase of AlON. 

40 4. The aluminum nitride sintered body set forth in any one of Claims 1 to 3. which has a lightness specified in JIS Z 
8721 being N 4 or less, and does not substantially contain (AIN)^(Al20C)i.x phase. 

5. A semiconductor-producing apparatus using the aluminum nitride sintered body set forth in any one of Claims 1 
or 4 as a substrate. 

45 

6. An aluminum nitride sintered body, wherein a spin amount of aluminum per unit mg in a spectrum of the aluminum 
nitride sintered body in an electron spin resonance is not more than 5 x 10^2 spin/mg. 

7. An aluminum nitride sintered body, wherein a ratio of 1(1 33)/l(680) is not less than 0.3, said 1(1 33) and 1(680) being 
50 heights of peaks at 1 33 cm*i and 680 cm"^ in a spectrum of the aluminum nitride sintered body in a laser Raman 

spectroscopy, respectively. 

8. The aluminum nitride sintered body set forth in Claim 7, which has said ratio of 1(133)/1(680) being not less than 
0.4. and a lightness specified in JIS Z 8721 being not more than N 4. 
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9. The aluminum nitride sintered body set forth in Claim 7 or 8, which comprises a main crystalline phase of AIN and 
an auxiliary crystalline phase of AlON. 
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10. A semiconductor-producing apparatus using the aluminum nitride sintered body set forth in any one of Claims 6 
to 9 as a substrate. 

11. An aluminum nitride sintered body, wherein a peak representing carbon is detected at an X-ray diffraction angle 
26 = 44*" to 45** in an X-ray diffraction chart of said aluminum nitride sintered body in addition to a peak representing 
aluminum nitride (AiN) as a main crystalline phase. 

12. The aluminum nitride sintered body set forth in Claim 11 , which comprises the main crystalline phase made of AIN, 
an auxiliary crystalline phase made of AlON, and a phase of carbon. 

13. The aluminum nitride sintered body set forth in Claim 11 or 1 2, which has a lightness specified in JIS Z 8721 being 
N 4 or less, and does not substantially contain (AIN)3j(Al20C)i.j^ phase. 

14. The aluminum nitride sintered body set forth in any one of Claims 11 to 13, which contains 500 ppm to 5000 ppm 
of carbon atoms. 

15. A semiconductor-producing apparatus comprising the aluminum nitride sintered body set forth in any one of Claims 
11 to 1 4 as a substrate. 

16. A process for producing an aluminum nitride sintered body by sintering a raw material composed of powdery 
aluminum nitride having a content of carbon being 500 ppm to 5000 ppm at a temperature of not less than 1730^C 
to not more than 1 920" under a pressure of not less than 80 kg/cnn^. 

17. The aluminum nitride sintered body-producing process set forth in Claim 16, wherein said raw material of the 
powdery aluminum nitride having the content of carbon being 500 ppm to 5000 ppm Is produced by adding carbon 
or a compound as a carbon source to aluminum nitride powder. 

18. The aluminum nitride sintered body-producing process set forth in Claim 16, wherein said raw material of the 
powdery aluminum nitride having the content of carbon being 500 ppm to 5000 ppm is produced by mixing at least 
first and second kinds of aluminum nitride powders having different contents of carbon. 

19. The aluminum nitride sintered body-producing process set forth in Claim IB, wherein said second kind of the 
aluminum nitride powder is produced by a reducing/nithding process. 
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FIG. I 
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FIG. 3 
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FIG. 5 
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FIG. 6 
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FIG. 7 
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FIG. 8 
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FIG. lOa 
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FIG. I la 
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